Meiosis produces gametes through two successive nuclear Background: divisions, meiosis I and meiosis II. In contrast to mitosis and meiosis II, where sister chromatids are segregated, during meiosis I, homologous chromosomes are segregated. This requires the monopolar attachment of sister kinetochores and the loss of cohesion from chromosome arms, but not centromeres, during meiosis I. The establishment of both sister kinetochore mono-orientation and cohesin protection rely on the budding yeast meiosis I-specific Spo13 protein, the functional homolog of fission yeast Moa1 and mouse MEIKIN.
Introduction
Sexual reproduction relies on a cell division programme called meiosis. In humans, this is highly error-prone and may give rise to infertility, miscarriage or chromosomal abnormalities such as Down syndrome (reviewed by Hassold & Hunt, 2001 ). Meiosis consists of two consecutive divisions where homologous chromosome segregation in meiosis I is followed by mitosislike sister chromatid segregation in meiosis II. Homologue segregation requires a number of adaptations to the chromosome segregation machinery (Marston & Amon, 2004) , including recombination between homologues, mono-orientation of sister kinetochores and the protection of pericentromeric cohesin in meiosis I.
Cohesin is a multi-subunit protein complex made up of the core subunits Smc1, Smc3 and the kleisin α-Scc1 In mammalian and Drosophila mitosis, cohesin is also removed in two steps. First, during prophase, Wapl opens the cohesin ring at the Smc3-Scc1 interface to trigger separase-and cleavageindependent cohesin removal ( Here, we take a live cell imaging approach to re-evaluate the importance of Spo13 for cohesin protection. We show that both cohesin and sister chromatid cohesion are lost upon anaphase I onset in spo13Δ cells. Furthermore, we confirm that cohesin removal results from separase-mediated cleavage rather than removal by the prophase pathway. We also provide evidence that cohesin phosphorylation is required for loss of cohesion in spo13Δ cells. Together, these findings provide evidence that centromeric cohesion is impaired in spo13Δ cells. However, it has been argued that residual centromeric cohesin persists after securin destruction in spo13Δ cells and prevents timely spindle elongation (Katis et al., 2004b) . To clarify the importance of Spo13 in centromeric cohesion, we used live cell imaging of cells progressing through meiosis. We scored the percentage of cells where cohesin (Rec8-GFP) was retained at the pericentromere in anaphase I, as indicated by co-localisation with Mtw1 ( Figure 1A, B) . To ensure that observed effects in spo13Δ cells were not a consequence of mono-orientation loss, which partially impacts cohesion (Nerusheva et al., 2014), we simultaneously imaged mam1Δ cells for comparison. Quantification of pericentromeric Rec8 ( Figure 1C) showed that, strikingly, deletion of SPO13 leads to complete loss of cohesin in anaphase I. This is not due to impaired cohesin loading in early meiosis, since prophase I-arrested spo13Δ cells have similar levels of Rec8 on centromeres compared to wild type ( Figure 1D ). We conclude that Spo13 is required for the retention of pericentromeric cohesin in anaphase I. Figure 2A ). In wild-type cells, a single GFP focus segregates to one of the spindle poles (as marked by Spc42-tdTomato). Alternatively, in case of defective mono-orientation, split GFP foci stay in close proximity (<2 µm) because sister chromatids are cohered together by pericentromeric cohesin. Lastly, in cells lacking both mono-orientation and sister chromatid cohesion, GFP foci split over a greater distance (>2 µm). We subsequently scored the number of cells falling into either of these categories for each of the mutants analysed. This revealed that sister centromeres separate over large (>2 µm) distances in the half of spo13Δ anaphase I cells that bi-orient sister kinetochores ( Figure 2B ), consistent with all cohesion being lost. Note that although pericentromeric cohesion loss during anaphase I can only be readily observed where it is accompanied by sister kinetochore bi-orientation, the loss of cohesion in all spo13Δ cells withbi-oriented kinetochores, the near-complete absence of Rec8, and the fact that deletion of SPO13 permits efficient sister chromatid segregation in mam1Δ cells ( Figure Sister chromatid cohesion is restored by preventing cohesin cleavage A cleavage-independent, Rad61/Wpl1-dependent, cohesin removal pathway, similar to that which occurs in mammalian mitosis, operates during prophase I of budding yeast meiosis (Challa et al., 2016; Challa et al., 2019; Yu & Koshland, 2005) . We considered the possibility that cells lacking Spo13 lose cohesion, not due to its cleavage, but as a result of ectopic Rad61 activity. However, deletion of RAD61 did not restore cohesion to spo13Δ cells ( Figure 3A ), indicating that a failure to counteract cleavage-independent cohesin removal is not solely responsible for the cohesion defect of cells lacking Spo13.
Results and discussion
Next, we assessed whether cohesin cleavage is required for cohesion loss during anaphase I in spo13Δ cells. First, we inactivated Esp1 (separase), using the temperature-sensitive esp1-2 mutant (Buonomo et al., 2000) and followed Rec8-GFP by live cell imaging ( Figures 3B-D) . As expected, cohesin remained on chromosomes even after anaphase I onset in both in esp1-2 and esp1-2 spo13Δ cells and, consequently, sister chromatid segregation was largely prevented ( Figure 3E ). Additionally, we prevented cohesin cleavage by mutating the separase cleavage site in Rec8 (Rec8-N) (Buonomo et al., 2000) . We followed GFP-tagged versions of this Rec8 variant through meiosis in wild-type and spo13Δ cells ( Figure 4A ). Similar to esp1-2 mutants, rec8-N prevents cleavage of cohesin along the length of the chromosome in spo13Δ cells ( Figure 4B ) and pericentromeric cohesin intensity is drastically increased ( Figure 4C ). Furthermore, we find that Rec8-N prevented the segregation of sister chromatids in spo13Δ mutants ( Figure 4D ). We conclude that cohesin cleavage is required for sister chromatid segregation in spo13Δ cells.
PP2A is functional in the absence of Spo13
Rec8 cleavage during wild-type meiosis relies on its prior phosphorylation (Brar et al., 2006; Katis et al., 2010) which is reversed in the pericentromere by PP2A. We considered the possibility that PP2A function may be impaired in spo13Δ cells, rendering it unable to dephosphorylate, and therefore protect, cohesin. We assessed whether tethering PP2A directly to cohesin could prevent Rec8 cleavage in the absence of Spo13. We fused GFP-binding protein (GBP), a nanobody specifically Images for ΔCEN5=0µm, ΔCEN5=0-2µm and ΔCEN5>2µm were taken from wild-type, mam1Δ and spo13Δ cells, respectively. (B) Frequency of CEN5 distance categories is shown for the indicated genotypes after live cell imaging. Wild-type (AM15190), spo13Δ (AM15118), mam1Δ (AM15119) and spo13Δ mam1Δ (AM15120) cells carrying SPC42-tdTomato, PDS1-tdTomato and heterozygous TetR-GFP foci at CEN5, were sporulated for 2.5 h before imaging on a microfluidics plate.
recognising GFP (Rothbauer et al., 2006) , to the PP2A regulatory subunit Rts1 to irreversibly tether PP2A to GFP-tagged Rec8. This was sufficient to prevent cohesin removal, both in pCLB2-SGO1 and spo13Δ cells (Figure 5A-C) . To further confirm the full functionality of Rts1 in spo13Δ cells, we utilised a separase biosensor (Yaakov et al., 2012) where a cleavable Rec8 moiety is fused to GFP and LacI, with the latter allowing targeting of the biosensor to a lacO array on chromosome arms ( Figure 6A ). In wild-type and spo13Δ cells, this biosensor appears as a single GFP focus in meiosis I until separase is activated in anaphase I, causing biosensor cleavage and GFP focus dispersal ( Figure 6B, C) .
Tethering of Rts1 to the biosensor, however, prevents biosensor cleavage ( Figure 6B, C) . Therefore, our results indicate that PP2A is functional and capable of dephosphorylating cohesin in spo13Δ mutants.
Conclusions
The successful protection of pericentromeric cohesin is a key modification to the meiotic chromosomes segregation machinery as it ensures the fidelity of chromosome segregation in meiosis II. Key players in regulating cohesin cleavage are known. The kinases Hrr25 and Cdc7 (and possibly Cdc5) phosphorylate ) but its function is much less well understood. Our study demonstrates that pericentromeric cohesin is prematurely removed in spo13Δ cells in a manner that requires cohesin cleavage and phosphorylation. Future work should focus on elucidating how Spo13 elicits its protective function, and how this might be linked to its functions in both sister kinetochore mono-orientation and meiotic cell cycle control.
Methods

Yeast strains and plasmids
All strains are SK1-derivatives and are listed in Table 1 . Plasmids generated in this study are listed in Table 2 
Growth conditions
Cells were prepared for sporulation as described by Vincenten et al. (2015) .
Chromatin immunoprecipitation
ChIP-qPCR was performed as previously described (Vincenten et al., 2015), using mouse anti-Ha (12CA5, Roche). All parameters and equipment are identical to those described previously, including qPCR mixes and thermocycling conditions. Primers for qPCR analysis are listed in Table 3 .
Live cell imaging
Live cell imaging was performed on a DeltaVision Elite system (Applied Precision) connected to an inverted Olympus IX-71 microscope with a 100x UPlanSApo NA 1.4 oil lens. Images were taken using a Photometrics Cascade II EMCCD camera. The Deltavision system was controlled using SoftWoRx software, version 5.5.
Cells were imaged at 30°C (unless stated) on an ONIX microfluidic perfusion platform by CellASIC. Cells were pre-grown in culture flasks for ~3 h before transfer to microfluidics plates. Imaging began about 30 min later with images being acquired every 15 min for 12-15 h. Seven z-stacks were acquired with 0.85µm spacing. Image panels were assembled using Image-Pro Premier 3D, version 9.1 (Media Cybernetics). Images were analysed using ImageJ 1.48v (National Institutes of Health). Final image assembly was carried out using Adobe Photoshop CS5.1 and Adobe Illustrator CS5.1. Rec8-GFP intensities were measured using the DV_DotCounter custom plugin for ImageJ (Kelly, 2019) . The plugin applied a Z projection to each colour channel and allowed the user to select a cell of interest. Kinetochores in the red channel were identified by Yen Auto Threshold (Yen et al., 1995) and their XY central coordinates, mean intensity and area recorded. The coordinates were then used to measure mean intensity in the corresponding location in the green channel, equivalent to pericentromeric Rec8-GFP. In experiments where pericentromeric cohesin was likely to be found in between kinetochores (which is thought to occur in cells that bi-orient in meiosis I but retain cohesin), the XY coordinates in the red channel were used to generate a line profile between the 2 kinetochores in both colour channels over exactly the same pixels. The two brightest peaks in the line profile of the green channel were Table 2 . Plasmids generated in this study.
Plasmid Description Purpose and notes
AMp1317 YIplac128-REC8-GFP LEU2 integration plasmid carrying REC8-GFP.
AMp1368 YIplac128-rec8-N-GFP LEU2 integration plasmid carrying rec8-N-GFP. Table 3 . qPCR primers used in this study. For distances from centromeres, "-" indicates the location is upstream of the centromere, whereas "+" indicates the location is downstream of the centromere. calculated to give the maximum intensity value for each. Rec8-GFP intensity was measured in this manner for Figure 3C and Figure 4C .
The plug in used was the custom YeastLineProfiler for Image J (Kelly, 2019).
An earlier version of this article can be found on bioRxiv (DOI: https://doi.org/10.1101/488312).
Data availability
Raw data for scoring imaging experiments and ChIP-qPCR, arranged by figure, is available from OSF. DOI: https://doi. org/10.17605/OSF.IO/VBKU9 (Marston, 2019).
Data are available under the terms of the Creative Commons Zero "No rights reserved" data waiver (CC0 1.0 Public domain dedication).
The file size of the raw microscopy movies precludes uploading them to OSF, but are available upon request from adele.marston@ ed.ac.uk.
Software availability
Source code for DV_DotCounter is available from: https://github. com/dkelly604/DV_DotCounter. 
Results and Discussion
Page 4, second column, 4 lines from bottom: "withbi" Fig. 3 E/Fig. 4 D -spo13 delete allows meiosis I sister centromere separation in esp1 and REC8-N mutants. This shows centromeres are more able to separate in spo13 mutants even without Rec8 cleavage. There are multiple possible explanations for these results. Is it because sister centromeres are more easily bi-oriented in spo13 mutants? Alternatively, could it be that Spo13 also promotes sister centromere cohesion also protects pericentromeric cohesion through a pathway that doesn't involve cleavage? The manuscript would benefit from brief comments from the authors on the implications of these observations. 
